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This work introduces a micro-mechanical grain-aggregate model and numerical simulation capability to study the com-
bined eﬀects of grain-boundary slip and separation, as well as grain-interior plasticity on the overall deformation of com-
pact rocks. Two major conclusions can be drawn from our simulation study: (i) At suﬃciently low conﬁning pressures, the
widely-observed inelastic dilatant response in compact rocks under compression is attributable to the geometrically-mis-
matched grain-boundary sliding and concomitant formation of triple-junction cracks which result in an increase in volume.
Failure patterns change from splitting-fracture at low conﬁning pressures, to distributed micro-cracking in macroscopic
‘‘shear”-bands as the conﬁning pressure increases. (ii) When the conﬁning pressure increases to an amount such that
grain-boundary sliding is suppressed due to frictional eﬀects, the inelastic dilatancy eﬀects disappear, and isochoric
grain-interior plasticity takes over to accommodate the imposed external deformation, and this is the major cause of
the brittle-ductile transition in these materials.
 2008 Elsevier Ltd. All rights reserved.
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This brief paper reports on the development of a numerical capability for simulating the micro-mechanics
of the inelastic deformation and brittle-ductile transition in dry rocks under compression. We focus our atten-
tion on compact rocks (e.g., marble, granite) and study the interplay of two dominant grain-scale micro-mech-
anisms: grain-boundary slip and separation leading to intergranular cracking, and grain-interior plasticity.
Thus, from the outset, we do not consider the important micro-mechanisms of pore-collapse and grain-crush-
ing known to be of major importance in high-porosity rocks (e.g., sandstone, limestone).
Due to the signiﬁcance of rocks in Earth science and engineering, numerous experimental and theoretical
studies have been conducted on micro-cracking, the associated dilatancy, brittle failure and faulting, and the0020-7683/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.11.028
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(e.g., Robertson, 1955; Paterson, 1958; Heard, 1960; Rummel and Fairhurst, 1970; Rutter, 1974; Baud
et al., 2000; Paterson and Wong, 2005):
 There is almost no inelastic deformation when rock samples are subject to tensile deformation, and a very
limited amount of inelastic deformation occurs when the rock is subjected to unconﬁned compression. The
unconﬁned compressive strength is about one order of magnitude higher than the unconﬁned tensile
strength.
 In compression under a conﬁning pressure, grain-boundary sliding induced cracks initiate, grow, and coa-
lesce, this is the major reason for the inelastic deformation, the macroscopically-measured dilatancy, and
the brittle-faulting of these materials.
 The inelastic deformation behavior is highly pressure sensitive. At low pressures in the brittle-faulting
regime, failure occurs by splitting-fracture. At intermediate pressures grain-boundary micro-cracking is
more distributed, and in the strain-softening stage, micro-cracking activity localizes along macroscopic
‘‘shear”-bands. When the conﬁning pressure increases to an amount such that grain-boundary sliding is
suppressed due to frictional eﬀects, the inelastic dilatancy eﬀects disappear and (nominally) isochoric
grain-interior plasticity takes over to accommodate the imposed external deformation, and this is the major
cause of the brittle-ductile transition in these materials.1
As an example, Fig. 1a from Paterson (1958) shows the progression in the nature of the stress–strain curves
in triaxial compression of Wombeyan marble as the conﬁning pressure is increased, and Fig. 1b shows repre-
sentative deformed geometries of the specimens at diﬀerent conﬁning pressures, exhibiting splitting-fracture,
shear-faulting, and distributed plastic deformation.
Motivated by the well-cataloged operative micro-mechanisms and the experimentally observed macro-
scopic stress–strain curves and deformation patterns discussed above, in this paper we formulate and imple-
ment a micro-mechanical grain-aggregate model to numerically study the combined and competing eﬀects of
grain-boundary slip and separation, as well as grain-interior plastic deformation of compact rocks. The meth-
odology discussed here should help to develop a more quantitative understanding of the operative inelastic
micro-mechanisms in these materials.
The plan of this paper is as follows. In Section 2 we introduce an elastic–plastic interface traction–separa-
tion constitutive model to represent the mechanical response of grain-boundaries, and for the grain-interiors
we adopt a simple Mises-type isotropic elastic–plastic model.2 To demonstrate the capability of our micro-
mechanical simulation methodology, we attempt to reproduce the macroscopic stress–strain curves and defor-
mation patterns for Wombeyan marble reported by Paterson (1958). We have estimated the material param-
eters appearing in our constitutive models for this marble, and the numerical simulation results are presented
and discussed in Section 3. We close in Section 4 with some concluding remarks.2. Grain-boundary and grain-interior constitutive models
2.1. Interface constitutive model for grain-boundary sliding and separation
Cohesive interface models have been widely used in recent years to numerically simulate fracture initiation
and growth by the ﬁnite element method (e.g., Needleman, 1990; Xu and Needleman, 1994; Camacho and
Ortiz, 1996; Hutchinson and Evans, 2000). Typically, a cohesive interface is introduced in a ﬁnite element dis-1 Compact carbonate rocks – due to the relatively low values of shear stresses required to activate grain-interior plasticity – exhibit a
brittle-ductile transition at room temperature for conﬁning pressures accessible in the laboratory. In contrast, compact silicate rocks
remain in the brittle-faulting regime when tested at room temperature and pressures up to 3 GPa. Even at the maximum conﬁning
pressures accessible in the laboratory, elevated temperatures are necessary to activate grain-interior crystal plasticity in granites.
2 This is of course a gross simpliﬁcation for the low-symmetry crystal structures of most rock materials. However, a simple isotropic
plasticity model captures the essence of the ductile-brittle transition; we leave the incorporation of a more detailed grain-interior
anisotropic crystal-plasticity model for future work.
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Fig. 1. (i) Stress–strain curves in triaxial compression for Wombeyan marble at increasing conﬁning pressures. (ii) Deformed geometries of
compression specimens: (a) axial splitting failure at atmospheric pressure; (b) single shear-band failure at 3.5 MPa; (c) conjugate shear-
bands at 35 MPa; (d) ductile behavior at 100 MPa. From Paterson (1958).
Y. Wei, L. Anand / International Journal of Solids and Structures 45 (2008) 2785–2798 2787cretization of the problem by the use of special interface elements which obey a non-linear interface traction–
separation constitutive relation which provides a phenomenological description for the complex microscopic
processes that lead to the formation of new traction-free crack faces. The loss of cohesion, and thus of crack-
nucleation and extension, occurs by the progressive decay of interface tractions. The interface traction–sepa-
ration relation usually includes a cohesive strength and cohesive work-to-fracture. Once the local strength and
work-to-fracture criteria across an interface are met, decohesion occurs naturally across the interface, and
traction-free cracks form and propagate along element boundaries. With a view towards modeling grain-
boundary interface response we have recently developed an elastic–plastic interface model which accounts
for both reversible elastic, as well irreversible inelastic separation-sliding deformations at the interface prior
to failure (Wei and Anand, 2004; Su et al., 2004). We use this interface model in this paper; the model is
reviewed in what follows.
Consider two bodies Bþ and B separated by an interface I , Fig. 2a. Let fe^1; e^2; e^3g be an orthonormal
triad, with e^1 aligned with the normal n to the interface, and fe^2; e^3g in the tangent plane at the point of
the interface under consideration. Let d denote the displacement jump across the cohesive surface, and t
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Fig. 2. (a) Schematic of interface between two bodies Bþ and B. (b) Schematic of yield surfaces for the normal and shear mechanisms.
2788 Y. Wei, L. Anand / International Journal of Solids and Structures 45 (2008) 2785–2798the power-conjugate traction, such that t  _d gives the power per unit area of the interface in the reference con-
ﬁguration. The displacement jump is assumed to be additively decomposed asd ¼ de þ dp; ð1Þ
where de and dp, respectively, denote the elastic and plastic parts of d. Then,t  _d ¼ t  _de þ t  _dp: ð2Þ
Let u denote a free-energy per unit surface area in the reference conﬁguration. In a purely mechanical theory,
the following local energy imbalance represents the ﬁrst two laws of thermodynamics under isothermal
conditions,_u 6 t  _d: ð3Þ
Then, using (2), the ﬁeldD ¼ t  _de þ t  _dp  _uP 0 ð4Þ
represents the dissipation rate per unit area.
The free-energy u is taken to depend only on the elastic displacement jump de,u ¼ u^ðdeÞ: ð5Þ
Then, using standard arguments, (4) givest ¼ ou^ðd
eÞ
ode
; ð6ÞandD ¼ t  _dp P 0: ð7Þ
For small elastic displacement jumps, a simple quadratic free-energy isu ¼ 1
2
de  Kde; ð8Þwith K, the interface elastic stiﬀness tensor, taken to be positive deﬁnite. In this case (1) and (6) givet ¼ Kde ¼ Kðd dpÞ: ð9Þ
For an interface model which may be idealized to be isotropic in its tangential response, K may be taken as
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with KN > 0 and KT > 0 the normal and tangential elastic stiﬀness moduli.
The interface traction t may be decomposed into normal and tangential parts, tN and tT, respectively, ast ¼ tN þ tT ;
tN ¼ ðn nÞt ¼ ðt  nÞn  tN n;
tT ¼ ð1 n nÞt ¼ t tN n:
ð11ÞThe quantity tN represents the normal stress at the interface, and the magnitude of the tangential traction
vector tT,s  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃtT  tTp ; ð12Þ
represents the shear stress.
The elastic domain of the rate-independent elastic–plastic interface model is deﬁned by the interior of the
intersection of two convex yield surfaces. The yield functions corresponding to each surface are taken asUðiÞðt; sðiÞÞ 6 0; i ¼ 1; 2; ð13Þ
with the index i = 1 denoting a ‘‘normal” mechanism, and the index i = 2 denoting a ‘‘shear” mechanism; the
scalar internal variable s(1) represents the deformation resistance for the normal mechanism, and s(2) represents
the deformation resistance for the shear mechanism. Simple, speciﬁc functional forms for the yield functions
are:Uð1Þ ¼ tN  sð1Þ 6 0; Uð2Þ ¼ sþ ltN  sð2Þ 6 0; ð14Þ
where l represents a friction coeﬃcient for the shear mechanism. The surface U(i) = 0 denotes the ith yield sur-
face in traction space, andnð1Þ ¼ oU
ð1Þ
ot
¼ n; nð2Þ ¼ oU
ð2Þ
ot
¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ l2
p tT
s
þ ln
 
; ð15Þdenote the outward unit normals to the yield surface at the current point in traction space; Fig. 2b.
The equation for _dp, the ﬂow rule, is taken to be representable as a sum of the contribution from each
mechanism_dp ¼
X2
i¼1
mðiÞmðiÞ; mðiÞ P 0; mðiÞUðiÞ ¼ 0; with mð1Þ ¼ n and mð2Þ ¼ tT
s
: ð16ÞNote that since m(2) 6¼ n(2), we have a non-normal ﬂow rule for the shear response. Finally, during inelastic
deformation, an active mechanism must satisfy the consistency conditionmðiÞ _UðiÞ ¼ 0 when UðiÞ ¼ 0: ð17Þ
The consistency condition serves to determine the inelastic deformation rates m(i) when inelastic deformation
occurs.
Next, letcðiÞ ¼def
Z t
0
mðiÞðnÞdn ð18Þdeﬁne equivalent relative plastic displacements for the two individual mechanisms, andc ¼def
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðcð1ÞÞ2 þ aðcð2ÞÞ2
q
ð19Þdeﬁne a combined equivalent relative plastic displacement, where a represents a coupling parameter between the
normal and shear mechanisms. In the theory under consideration here, the interfacial resistances s(i) are al-
lowed to soften according to a simple damage rule
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where sðiÞ0 denotes their initial value, andD ¼
0 if c 6 cc;
ccc
cfcc if cc < c 6 cf ;
(
ð21Þdenotes a damage parameter in the range 0 6 D 6 1. That is, the interface starts to soften when the eﬀective
relative plastic displacement across the interface reaches a critical value cc, and the interface fails when c ¼ cf ,
at which point D = 1. In a numerical simulation, an interface after failure (D = 1) is not able to carry tensile
tractions, but for compressive tractions the response to penetration is purely elastic, and under such circum-
stances the compressive normal stress goes up quickly with penetration depth. As to the shearing response of
an interface after failure, its shearing resistance is frictional, s(2) = ltN, when tN is compressive; otherwise, the
two grains across a failed-interface are free to slide over each other without any resistance.
A simple constitutive time-integration procedure for this rate-independent interface model has been imple-
mented in the ﬁnite element program ABAQUS-Explicit (Abaqus Reference Manuals, 2005) by writing a
USER INTERFACE subroutine.
2.2. Grain-interior plasticity
As a simpliﬁcation, all elastic and plastic anisotropies associated with crystallographic slip, twinning, and
cleavage are neglected, and as a surrogate model for the complex grain-interior inelastic deformation, we
employ the rate-independent isotropic elastic–plastic J2-ﬂow theory of classical plasticity already built into
ABAQUS. Speciﬁcally, using standard notation, withT

¼ _TWTþ TW ð22Þdenoting the co-rotational derivative of the Cauchy stress T, W the spin, D the stretching, and Dp the plastic
stretching, the constitutive equation for the stress is taken asT

¼ C½DDp; ð23ÞwithC ¼ Eð1þ mÞ Iþ
m
ð1 2mÞ 1 1
 
ð24Þthe isotropic elasticity tensor, where E is the Young’s modulus and m the Poisson’s ratio. The yield condition is/ ¼ r s 6 0; ð25Þ
where, with T0 denoting the stress deviator,r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð3=2ÞT0 : T0
q
ð26Þis the equivalent tensile stress, and s is the (tensile/compressive) ﬂow strength. The ﬂow rule isDp ¼ mpð3T0=2rÞ; with mp P 0 satisfying mp/ ¼ 0: ð27Þ
As is standard, the scalar plastic ﬂow rate mp in a rate-independent theory is determined from the consis-
tency conditionmp _/ ¼ 0 when / ¼ 0: ð28Þ
The equivalent plastic strain in the grains is deﬁned byp ¼
Z
mpdt: ð29ÞFinally, the evolution equation for the ﬂow resistance s is taken as
Fig. 3. (a) An idealized two-dimensional polycrystalline micro-structure of Voronoi-tesselated grains for numerical simulation. (b) A
meshed grain; the interiors of all grains are meshed using plane-strain parabolic triangle elements ABAQUS-CPE6M.
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In this section we apply our grain-boundary and grain-interior models to simulate the deformation and fail-
ure behavior of Wombeyan marble (Paterson, 1958).
3.1. Representation of micro-structure
As a ﬁrst attempt at applying our micro-mechanical model, we limit our considerations to a two-dimen-
sional plane-strain idealization of the micro-structure. Fig. 3a shows a polycrystalline aggregate of Voro-
noi-tesselated grains The grain-size distribution is generated to obey a log-normal distribution with a
normalized average grain-size of 1.0, and a standard deviation of 	0.3 (Gross and Li, 2002). The geometry
of the aggregate of grains was then imported into ABAQUS CAE, and each grain was meshed with ABA-
QUS-CPE6M plane-strain parabolic triangle elements. A typical grain with about 300 elements meshing
the grain-interior is shown in Fig. 3b. In a grain, each facet is deﬁned as (the trace of) a surface. Grains interact
with each other through their neighboring surfaces. The relative sliding and separation of two neighboring
surfaces constitute the deformation behavior of an interface or grain-boundary.
3.2. Grain-interior properties
Marble is primarily composed of rhombohedral calcite (CaCO3) crystals. Here, as remarked earlier, we do not
use the complete anisotropic elastic constants and slip and twinning system resistances for calcite. Instead we
estimate the values of the simple isotropic elastic–plastic material parameters based on the stress–strain curves
form Paterson’s classical experiments shown in Fig. 1a. For the Young’s modulus and the Poisson’s ratio we use
the estimates.3E ¼ 50:0 GPa; m ¼ 0:3: ð31Þe single-crystal elastic moduli (in GPa) for calcite are C11 = 149.7, C33 = 85.2, C44 = 34.1, C12 = 57.9, C13 = 53.5, C14 = 20.0
et al., 2001), and the Voigt–Reuss–Hill average for the Young’s modulus is E = 93 GPa. A rather lower value of 50 GPa was used in
ulations in order to approximate the experimentally-measured stress–strain curves of Fig. 1a, which reﬂect also the presence of
defects in the material, and also the experimental uncertainties of specimen-seating, machine-compliance, and the like.
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Fig. 4. (a) For simplicity, the mechanical behavior of the grain-interiors is approximated to be isotropic elastic–plastic with linear
isotropic strain-hardening for all grains. (b) Each grain boundary is assumed to follow a traction–separation relation in the normal and
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stress–strain curves in Fig. 1a we note that at conﬁning pressures between 50 and 100 MPa, the material yields
at diﬀerential stresses between 150 and 200 MPa. Thus, r1 ranges from 	200 to 300 MPa, and average value is
250 MPa, which we adopt this as the initial value for the ﬂow resistance s,4 Fo
	6 MP
1954; G
used h
5 Ths0 ¼ 250 MPa;
in (30),4 and we assume a constant small value for the hardening modulus5:h ¼ 15 MPa:
The overall grain-interior stress–strain curve is shown in Fig. 4b.
3.3. Grain-boundary properties
The elastic interface stiﬀnesses, KN and KT in the normal and tangential directions, are estimated as
KN 	 E/g and KT 	 G/g where E and G are, respectively, nominal values of isotropic polycrystalline Young’s
modulus and shear modulus, and g is an estimate of a ‘‘grain-boundary thickness.” Our continuum model has
no inherent length scale. However, in this paper we use a scale in which we assume that the grain-boundary thick-
ness is g 	 1 nm. For the Wombeyan marble, using representative values of E and m listed in (31), and a value
of g = 1 nm gives an estimate ofKN 	 50 GPa=nm; KT 	 19 GPa=nm: ð32Þ
Next, the compressive stress–strain curve for Wombeyan marble in the absence of any conﬁning pressure,
Fig. 1a, shows that the peak stress is 	70 MPa, and since the tensile strength in unconﬁned compression is
	(1/10)th of that in compression, we use an estimated grain-boundary resistance in tension to besð1Þ0 	 7 MPa:
For the grain-boundary resistance in shear we assume thatsð2Þ0 	 5 MPa:r single-crystal calcite, the average value of the shear resistance at room temperature for twinning on e ¼ f1018gh4041iþ systems is
a, for slip on r ¼ f1014gh2021i
 systems is 	140 MPa, and for slip on f ¼ f1012gh2201i systems is 	195 MPa (Turner et al.,
riggs et al., 1960; Lockner, 1995; De Bresser and Spiers, 1997). The value of the compressive deformation resistance s0 = 250 MPa
ere is approximately twice the value for the shear resistance for the dominant r-glide.
is small value of h helps stabilize the numerical calculations.
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Y. Wei, L. Anand / International Journal of Solids and Structures 45 (2008) 2785–2798 2793which is slightly higher than one-half of that in tension. For simplicity, the grain-boundary resistances are as-
sumed to be constants before softening. When softening begins, the resistances in both shear and tension will
reduce based on Eqs. (20) and (21). Recall that we have deﬁned the equivalent relative plastic displacement byc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðcð1ÞÞ2 þ aðcð2ÞÞ2
q
;we assume a value for the coupling parameter a = 0.25, and with d denoting the average grain-size of the rock,
we assume values ofcc 	 ðd=100Þ; and cf 	 1:1cc; ð33Þ
when the interface starts to soften and eventually fails in any combination of tension or shear. The estimated
overall traction–separation relation is shown in Fig. 4b.
Finally, the interfacial friction coeﬃcient appearing in (14) is taken asl ¼ 0:25;
a value which is estimated, as explained shortly, by ﬁtting the unconﬁned compressive stress–strain curve for
the rock.
Fig. 6. (a) Simulated stress–strain curve in compression with a lateral conﬁning pressure of 60 MPa. (b–e) Equivalent plastic strain
contours in the grain-interiors corresponding to the diﬀerent stress–strain states a–d keyed to the stress–strain curve in (a).
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3.4.1. Unconﬁned compression and tension
With the mechanical properties deﬁned for both the grain-interiors and grain-boundaries, we ﬁrst simulated
the response of the polycrystalline aggregate shown in Fig. 3a in unconﬁned tension and compression. The
peak-strength in tension obtain in our simulations is 	6 MPa, and by adjusting the value of the grain-bound-
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Fig. 7. Simulated stress–strain curves in compression at diﬀerent conﬁning pressure showing the macroscopic brittle-ductile transition.
Y. Wei, L. Anand / International Journal of Solids and Structures 45 (2008) 2785–2798 2795ary friction coeﬃcient l, we were able to obtain a peak-strength in compression 	75 MPa for l = 0.25,6 which
approximates the unconﬁned compressive strength for the marble shown in Fig. 1a. The complete stress–strain
curves for unconﬁned tension and compression are shown in Fig. 5a. The damage pattern for the sample in
tension, Fig. 5b, shows that intergranular cracks form and propagate mainly along the grain-boundaries
which are nominally perpendicular to the macroscopic tension axis; while in compression, Fig. 5c, the damage
pattern is along grain-boundaries which are more-or-less aligned parallel to the compression axis. Thus, note
that the non-linearity in the stress–strain curve prior to peak stress in compression, Fig. 5a, is primarily due to
intergranular slip, separation, and micro-cracking.3.4.2. Conﬁned compression
Fig. 6a shows a compressive stress–strain curve obtained at a lateral conﬁning pressure of 60 MPa, and
Fig. 6b–d shows contours of the equivalent plastic strain – as deﬁned in Eq. (29) – in the grain-interiors cor-
responding to four diﬀerent points, labelled a–d, on the stress–strain curve of Fig. 6a. This simulation nicely
illustrates the competition between grain-boundary slip and separation, and grain-interior plasticity. Fig. 6b
shows the deformed micro-structure at stage a, well-after the peak in the stress–strain curve. While the grain-
boundary sliding is not discernable in this ﬁgure, it exits, as does the grain-interior plasticity which appears to
be concentrated in a pair of conjugate self-organized ‘‘shear”-bands spanning several grains. By point b on the
stress–strain curve, Fig. 6c, several grain-boundary micro-cracks in the macroscopic plastic shearing region are
visible, and these cracks are the cause of the observed macroscopic strain-softening. With further imposed
external displacement, the micro-cracks in the shearing region start to grow and eventually start to link-up
to form visible voids in the macroscopic shearing zone, Fig. 6d; also, at this stage some grains in the shearing
have undergone substantial plastic deformation. At stage d, when the stress carrying capacity of the specimen
has further decreased, Fig. 6e, the sample is on the verge of shear failure in a zone containing plastically
deformed grain-interiors as well as coalesced intergranular cracks.
Next, Fig. 7 shows simulated stress–strain curves in compression at increasing conﬁning pressures. The simu-
lated stress–strain curves are remarkably similar in character to the experimental results shown in Fig. 1a, and
exhibit a clear brittle-ductile transition with an increase in conﬁning pressure. Corresponding micro-structural
deformation patterns for these conﬁning pressure are shown in Fig. 8a–f; as before, the contour plots are for
the equivalent plastic strain in the grain-interiors. The deformedmicro-structures shown in Fig. 8a–c, at conﬁning
pressures of 0, 20, and 40 MPa, respectively, correspond to a stage just before macroscopic failure. While, the6 Classical wing-crack models of compressive brittle fracture in rocks yield estimates of a value for the crack-face friction coeﬃcient of
l 	 0.5 (cf., e.g., Paterson and Wong, 2005, chap. 6). Our micro-mechanical model is very diﬀerent in character form such classical models,
and there is no reason for an estimated value of l in our theory to have a value similar to that in a wing-crack model of rock failure.
Fig. 8. Equivalent plastic strain contours in grain-interiors in specimens compressed at diﬀerent conﬁning pressure. The deformed micro-
structures shown in (a), (b) and (c) at conﬁning pressures of 0, 20, and 40 MPa, respectively, correspond to a stage just before macroscopic
failure. The deformed micro-structures shown in (d), (e) and (f) at conﬁning pressures of 60, 100, and 150 MPa, respectively, correspond to
a nominal macroscopic compressive strain of 4%.
2796 Y. Wei, L. Anand / International Journal of Solids and Structures 45 (2008) 2785–2798deformed micro-structures shown in Fig. 8d–f at conﬁning pressures of 60, 100, and 150 MPa, respectively, cor-
respond to a nominalmacroscopic compressive strain of 4%.Thedeformation patterns shown inFig. 8 reveal that:
 Under no conﬁning pressure the damage is along grain-boundaries which are nominally aligned parallel to
the compression axis; Fig. 8a.
Y. Wei, L. Anand / International Journal of Solids and Structures 45 (2008) 2785–2798 2797 At intermediate pressures, Fig. 8b and c, the micro-cracking activity localizes along macroscopic ‘‘shear”-
bands, within which the grain-interiors are also plastically deformed – with grain-interior plasticity occur-
ring primarily in those grains with intensive grain-boundary deformation. As to the regions surrounding the
shear-band(s), their deformation is essential elastic. The grain-boundary sliding induced micro-cracks are
the reason for the inelastic dilatancy.
 As the conﬁning pressure is increased further, Fig. 8d–f, such that grain-boundary sliding is increasingly
suppressed due to grain-boundary frictional eﬀects, the inelastic dilatancy eﬀects diminish and more perva-
sive isochoric grain-interior plasticity takes over to accommodate the imposed external deformation. This is
the major cause of the brittle-ductile transition in this idealized model of a compact rock.
4. Concluding remarks
We have developed a ﬁrst-order micro-mechanical grain-aggregate model and numerical simulation capa-
bility to study the combined eﬀects of grain-boundary slip and separation, as well as grain-interior plasticity
on the overall deformation of compact rocks. Much remains to be done to reﬁne such a simulation capability.
Some items are:
 Inclusion of more realistic, perhaps experimentally-measured interface traction–separation laws, as well as
a statistical description of grain-boundary properties – not all grain-boundaries are alike.
 Use of a more physically-based constitutive model for the grain-interiors which includes a full-accounting
of the elastic anisotropy and the crystallographic slip, twinning and cleavage mechanisms of inelastic defor-
mation (e.g., De Bresser and Spiers, 1997; Wenk, 1998; Barber et al., 2007).
 Extension of the simulation capability to more realistic representation of initial micro-structures, including
fully three-dimensional grain-geometries, and initial crack-like and other types of porosities found in typ-
ical rocks.
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